Achieving transgene integration into preselected genomic sites is currently one of the central tasks in stem cell gene therapy. A strategy to mediate such targeted integration involves site-specific endonucleases. Two genomic sites within the MBS85 and chemokine (C-C motif) receptor 5 (CCR5) genes (AAVS1 and CCR5 zinc-finger nuclease (CCR5-ZFN) sites, respectively) have recently been suggested as potential target regions for integration as their disruption has no functional consequence. We hypothesized that efficient transgene integration maybe affected by DNA accessibility of endonucleases and therefore studied the transcriptional and chromatin status of the AAVS1 and CCR5 sites in eight human induced pluripotent stem (iPS) cell lines and pooled CD34 þ hematopoietic stem cells (HSCs). Matrix chromatin immunoprecipitation (ChIP) assays demonstrated that the CCR5 site and surrounding regions possessed a predominantly closed chromatin configuration consistent with its transcriptional inactivity in these cell types. In contrast, the AAVS1 site was located within a transcriptionally active region and exhibited an open chromatin configuration in both iPS cells and HSCs. To show that the AAVS1 site is readily amendable to genome modification, we expressed Rep78, an AAV2-derived protein with AAVS1-specific endonuclease activity, in iPS cells after adenoviral gene transfer. We showed that Rep78 efficiently associated with the AAVS1 site and triggered genome modifications within this site. On the other hand, binding to and modification of the CCR5-ZFN site by a ZFN was relatively inefficient. Our data suggest a critical influence of chromatin structure on efficacy of site-specific endonucleases used for genome editing.
INTRODUCTION
Gene therapy requires the permanent integration of transgenes into chromosomes of target cells. Optimally transgene integration should occur into defined genomic sites. This would simultaneously ensure the appropriate expression of the transgene, and prevent side effects due to insertional mutagenesis of cellular genes. None of the gene transfer vector systems currently used display DNA sequence preferences specific enough for targeted insertion into a defined location in the target cell genome. 1, 2 A new concept to increase targeted integration involves the placement of site-specific double-stranded DNA break (DSB), which has been shown to increase the frequency of gene addition of transgenes delivered in the context of adeno-associated virus (AAV) vectors, 3, 4 non-integrating lentivirus vectors, 5 helper-dependent adenoviruses 6 --9 or plasmids. 10 Site-specific DSBs can be catalyzed by meganucleases, transcription activator-like effectors or zinc-finger nucleases (ZFNs). 2, 11 ZFNs are fusion constructs between zinc-finger DNA binding domains and the nuclease domain of the type II restriction enzyme FokI. Upon binding to specific sites in the genome, ZFNs cause DSBs. Two sites for targeted gene addition have been explored in the past in the context of gene therapy. These 'safe harbors' fulfill a number of criteria: (i) tolerability of mono-allelic and bi-allelic disruption of the target locus; (ii) no activation of proto-oncogenes upon integration into this site; (iii) transcriptional competence across cell types to maintain expression from an inserted gene cassette(s); and (iv) the existence of a moiety to facilitate integration at that site.
One potential 'safe harbor' site is located within the chemokine (C-C motif) receptor 5 (CCR5) gene on human chromosome 3. CCR5 is predominantly expressed on T cells, macrophages, dendritic cells and microglia. CCR5 is a co-receptor for human immunodeficiency virus (HIV). A homozygous D32 deletion in the CCR5 gene, found in about 1% of Caucasians, confers a natural resistance to HIV-1. 12 Individuals carrying this mutation are healthy, most likely due to the redundant nature of the chemokine system. In a recent pivotal study, it was shown that the transplantation of hematopoietic stem cells (HSCs) from a donor who was homozygous for CCR5 D32 into a patient with acute myeloid leukemia and AIDS resulted in long-term control of HIV. 13 Importantly, it has been shown that CCR5-specific ZFNs can mediate efficient and permanent disruption of the CCR5 in primary human CD4 þ T lymphocytes 14 and primary CD34 þ HSCs, 10 thus conferring robust protection against HIV-1 infection in both in-vitro and in-vivo mouse model of HIV-1 infection. In these cases, CCR5 gene disruption is the result of DSB repair by non-homologous end joining leading to an interruption of the reading frame. In the context of gene addition, CCR5-specific ZFNs have been used in several studies. 15 --17 Another genomic site that is thought to fulfill the criteria of a 'safe harbor' is the site preferentially used by wild-type AAV serotype 2 for integration, that is, AAVS1. 18 The AAVS1 site is located within the promoter region of the protein phosphatase 1 regulatory inhibitor subunit 12C (PPP1R12C) gene, a.k.a. the myosinbinding subunit 85 (MBS85) gene, on human chromosome 19. The MBS85 protein is thought to be involved in the regulation of actin --myosin fiber assembly, and its translation initiation start codon is located only 17 nucleotides downstream of the AAV Rep78 binding site (RBS). Notably, AAV integration/infection is not associated with a known disease. Furthermore, both human embryonic stem (ES) cells 19 and human induced pluripotent stem (iPS) cells 20 with a disruption of MBS85 retain their pluripotency. Mouse ES cells with AAV integrated into the mouse ortholog of AAVS1 contributed successfully to mouse development when injected into blastocysts. 21 AAV integration into AAVS1 is catalyzed by the AAV Rep68/78 proteins. The large Rep proteins can simultaneously bind to the RBS within the incoming viral genome and to the RBS within the chromosomal AAVS1. AAV integration is then facilitated by Rep-mediated site-specific DNA breaks within the AAVS1 terminal resolution site. A 33-kb sequence comprising the RBS and terminal resolution site was sufficient to mediate site-specific integration. 22 Expression of Rep68/78 has been used to achieve targeted integration of gene therapy vectors. 6, 8, 23, 24 HSCs and, recently, ES cells and iPS cells are mainly used for targeted gene addition. The epigenetic status of ES cells and iPS cells differs from that of differentiated cells in several features: (i) ES and iPS cells maintain a globally open chromatin state, that is, display less repressive histone marks (H3K9m3 and H3K27m3) than differentiated somatic cells. 25, 26 This 'transcription-ready' chromatin status might enable rapid gene activation during differentiation. (ii) The ES cell genome is transcriptionally hyperactive, with widespread transcription in both coding and non-coding regions, including sporadic low-level expression of tissue-specific genes. 27 (iii) CpGs found within heterochromatic regions are hypomethylated in ES cell genomes. (iv) Chromatin remodeling factors are overrepresented in the ES cells. 28 Recently, it has been suggested that the chromatin accessibility of preselected target sites might affect the efficacy of DSB generation and gene addition. 1 This is in line with findings that the chromatin structure has a role of integration site selection in lentivirus and AAV vector integration. 29, 30 Due to the unknown chromatin status in iPS cells, we performed a detailed analysis of the chromatin marks within the AAVS1 and the CCR5-ZFN sites in eight iPS cell lines derived from five different sources as well as in human CD34 þ HSCs. Strikingly, we found that the AAVS1 site possesses an active chromatin configuration in both iPS cells and CD34 þ cells. By contrast, a predominantly inactive chromatin configuration was found for the CCR5-ZFN site reflecting the immune cell-restricted expression of the CCR5 gene. Support for these findings was garnered from the presence or absence of RNA polymerase II at the AAVS1 and CCR5 sites, respectively, as well as mRNA analyses in these lines. These results suggest that the AAVS1 site is potentially the preferred site for targeted gene integration in iPS cells and HSCs. In support of this conclusion, we show that Rep78, expressed in iPS cells after adenoviral gene transfer, efficiently associated with the AAVS1 site and triggers genome modifications within this site. In contrast, CCR5-ZFN interaction with its target site and DNA cleavage appeared to be inefficient, indicating a critical influence of chromatin accessibility on binding and/or activity of site-specific endonucleases.
RESULTS

Quality analyses of iPS cell lines
Recent data indicate that iPS cells are not a homogenous cell population. 31 As chromatin analysis in iPS cell lines can be affected by heterogeneity, that is, presence of cells in different differentiation and/or reprogramming stages, we first performed phenotypic and genetic quality analyses of all the iPS lines. We used eight previously generated iPS cell lines from five different sources: (i) MHF2C1, MHF2C2 and MHFC3 were derived from human fetal fibroblasts (GM05387, Coriell Institute for Medical Research); (ii) OI12-1, OI12-4 and OI12-7 were generated from human mesenchymal stem cells isolated from the spine of a 15-year-old patient with Osteogenesis imperfecta; 32, 33 (iii and iv) FSHD43-1 and the FSHD83-6 lines were created from primary fibroblasts of facioscapulohumeral muscular dystrophy patients, a male and a female patient, respectively; 34 and (v) M83-9 was derived from primary human foreskin fibroblasts. 35 All iPS cell lines were characterized and gave rise to progenies of all three germ layers as shown by teratoma assays in immunodeficient mice. 34, 36 Upregulation of the pluripotency markers is used as a criterion to distinguish between the three types of iPS cell colonies, where type I are the least iPS-like colonies being incompletely reprogrammed or partially differentiated (SSEA-4 À , TRA-1-60
. 37 All of our iPS cell lines formed tightly packed colonies and stained positive for SSEA-4 and TRA-1-60 in immunofluorescence studies ( Figure 1) . Crucial for the maintenance of this phenotype was that iPS cells were cultured in TeSR2 (StemCell Technologies, Vancouver, BC, Canada) medium on matrigel. In contrast, our initial attempts to passage iPS in the widely used KOSR -Knockout serum replacement (Invitrogen, Carlsbad, CA, USA) medium on mouse embryonic fibroblasts feeder cells yielded less homogenous cultures.
iPS cells are genetically unstable. We therefore analyzed the karyotype as well as the presence of the AAVS1 and CCR5 sites in the iPS cell lines. All iPS cell lines, except line MHF2-C1, had normal karyotypes ( Figure 2 ). MHF2-C1 contained an isochromosome abnormality of chromosome 19 p10. Fluorescent in-situ hybridization (FISH) analysis revealed the presence of two signals for each of the AAVS1 and the CCR5 site, indicating that both sites were intact in all iPS cell lines ( Figure 3 ).
Chromatin immunoprecipitation analyses of integration sites
In addition to iPS cells, we also included into our analyses primary human umbilical cord blood-derived CD34 þ cells and the CD34-positive erythroleukemia Mo7e cell line, which is often used as an HSC model.
Chromosomal DNA is associated with histones where the histone tails that project out from the core can be post-translationally modified by lysine acetylation, lysine and arginine methylation, serine and threonine phosphorylation and lysine ubiquitylation or sumoylation. 38 Some histone tail modifications, for example, histone H3 K9 and K14 acetylation (H3K9/14Ac), can be recognized by several chromatin-modifying and transcription co-activator proteins and are indicative of transcriptionally active chromatin regions. On the other hand, the presence of other histone tail modifications or markers, for example, K9 trimethylated histone H3 (H3K9m3), recruit heterochromatin protein 1, and is characteristic of transcriptionally inactive chromatin regions. There are several approaches to study the chromatin state. In this study, we used a chromatin immunoprecipitation (ChIP) assay that measures the density of DNA binding proteins along selected DNA regions using antibodies that are specific for the above-mentioned H3 modifications. Specifically, we employed a matrix ChIP protocol, 39 which has been shown to have several advantages over the more traditional ChIP assay, including being high throughput and faster, with reduced variation.
Throughout this study, the À20-kb LamC1 intergenic region was used as a control for a transcriptionally inactive chromatin region and the housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter was used as a control for a transcriptionally active region 40 ( Figure 4 ). In addition to the two sites of interest, that is, the AAVS1 RBS and the ZFN site in the CCR5 gene, we also examined the adjoining B1 kb upstream and B1 kb downstream areas for each of these sites, thus forming a clearer depiction of the region (Figure 4) . The first histone mark we used to investigate the chromatin structure of the AAVS1 and the CCR5-ZFN sites was H3K9/14Ac (Figure 5a ), which is indicative of transcriptionally active chromatin state. This marker was abundantly (Po0.001) present at the AAVS1 site for all of the iPS cell lines, as well as the MO7e cell and the CD34 þ cells, varying from 1.6-fold to 6-fold higher occupancy at this site when compared with the GAPDH promoter site. The CCR5-ZFN site, however, was less varying between the lines with consistently low H3K9/14Ac levels (B0.5-fold that of the GAPDH region)---a similar trend to that of the À20-kb LamC1 intergenic silenced region. The results were inverted when a marker for transcriptionally inactive regions, H3K9m3, was used (Figure 5b ). This marker was present at significantly higher levels at the À20-kb LamC1 region and the CCR5-ZFN site when compared with the GAPDH and the AAVS1 regions, respectively, in all the tested cell lines (Po0.001).
The results from these markers indicate that the AAVS1 site has a transcriptionally active chromatin configuration when compared with that of the CCR5-ZFN cleavage site. Further support for our findings came from ChIP analyses of the RNA polymerase II levels at the sites of interest in the same cell lines ( Figure 6 ). As expected, the GAPDH promoter region had a greater Pol II occupancy than the À20-kb LamC1 region. There was also a significantly greater (Po0.001) occupancy by Pol II at the AAVS1 RBS, when compared with the occupancy at the CCR5-ZFN site, clearly indicating that the AAVS1 region is more transcriptionally active than the CCR5-ZFN site and surrounding regions.
Transcriptional activity of AAVS1 and CCR5-ZFN sites Transcriptionally active genes are characterized by an overall active chromatin structure. To assess a correlation between the ChIP data of the AAVS1 and the CCR5-ZFN sites and transcription of the genes they are located in, we performed RT-qPCR analyses for the corresponding mRNAs relative to the expression of the GAPDH gene (Table 1) . We compared CCR5, MBS85 and GAPDH mRNA levels in iPS cell lines with the levels found in HeLa-TZM-bl cells---a cell line that constitutively expresses CCR5 used in HIV research. 41 While CCR5 mRNA levels in this cell line were only 8.22-fold lower than GAPDH RNA levels, in all iPS cells CCR5 mRNA levels were 21 000-to 40 000-fold lower than GAPDH levels, indicating that CCR5 is poorly transcribed in these cells. MBS85 mRNA levels in HeLa-TZM-bl cells, however, were only 410-fold lower than GAPDH levels. While the MBS85 mRNA levels in iPS cells showed greater variation than CCR5 mRNA levels, they were, however, overall comparable to those in the HeLa-TZM-bl cell line. This implies that the MBS85 gene is transcribed at low levels in all cell lines, a finding that is in agreement with the ubiquitous expression of this gene. 42 Adenovirus-mediated transgene expression Our ChIP analyses showed that the AAVS1 site is more open than the CCR5-ZFN site, implying that genomic modification of the AAVS1 might be more efficient than approaches that target the CCR5-ZFN site. Testing this hypothesis requires the expression of site-specific endonucleases in stem cells. Here, we used adenovirus (Ad) vectors for gene transfer. In previous studies, we found that Ad vectors containing fibers derived from Ad serotype 35 (Ad5/35) are superior in transducing iPS cells 43 and CD34 þ cells. 44 Infection of iPS cell culture with an Ad5/35 vector containing the CMV promoter resulted in green fluorescence protein (GFP) expression only in differentiated cells at the periphery of colonies (Figure 7a , left panel). This is in agreement with previous studies demonstrating that the CMV promoter is not active in undifferentiated iPS cells. 43, 45 In contrast, a vector that contained the GFP gene under the control of the ubiquitin promoter 46 (Ad5/35-Ub-GFP) conferred GFP expression of cells in the center and periphery of iPS cell colonies ( Figure 7a , right panel). Overall, however, the transduction efficiency of cells in the center of iPS cell colonies was inefficient, even at a multiplicity of infection (MOI) of 500 p.f.u. per cell (data not shown). We speculated that cells in the center of colonies are less accessible to Ad vectors. To test this, we stained iPS cell colonies for intercellular junction markers, that is, the coxsackie-adenoviral receptor (receptor for adenovirus species C) and desmoglein 2 (receptor for adenovirus species B), which are located in tight and desmosomal junctions, respectively ( Figure 7b ). Both markers stained cells in the center of colonies, which were also positive for the stem cell markers TRA-1-60 and Tie-2. The finding that undifferentiated iPS cells have epithelial feature, such as epithelial junctions, has been reported before. 47 Our findings imply that Ad receptors are trapped in junctions in undifferentiated iPS cells, which explain the relative low transduction efficiency by Ad vectors, including Ad5/35 vectors. (Notably, earlier we reported that the Ad5/35 receptor, CD46, is trapped in junctions of epithelial tumor cells. 48 ) We also found that another epithelial marker, E-cadherin, is less expressed in undifferentiated cells (in the center of colonies) compared with more differentiated cells at the periphery (Figure 7b ). On the other hand, undifferentiated iPS cells stained positive for the mesenchymal marker N-cadherin. Due to the inefficient transduction of iPS cells in the context of colonies, we adapted a protocol that involves the plating of single iPS cells on matrigel-coated plates subsequent to the disruption of colonies with accutase (StemCell Technologies). As iPS cells are prone to apoptosis as single cells, 49 we incubated plated cells with an inhibitor of Rho-associated protein kinase (ROCK) before Ad transduction. Under these conditions, 75 ± 8% of iPS cells could be transduced with Ad5/35-Ub-GFP at an MOI of 20 p.f.u. per cell (Figure 7c ). We therefore used these transduction conditions for all subsequent studies with Ad vectors.
The generation of Ad vectors expressing ZFNs is problematic due to off-target 'genotoxicity' of ZFNs and killing of Ad producer cells. While we were able to produce Ad vectors expressing CCR5-ZFNs, we failed in several attempts to generate Ad vector that express AAVS1-specific ZFNs. Also, our attempts to use electroporation/nucleofection-based approaches for transfer of ZFN encoding plasmids into stem cells were unsuccessful due to severe cytotoxicity associated with transfection. Therefore, our attempts to achieve modification of the AAVS1 site are based on the endonuclease activity of Rep78 expressed from an Ad5/35 vector (Ad.Rep78). Ad.Rep78-mediated genome modification in iPS cells Rep78 inhibits adenoviral DNA replication. 50 Therefore, to minimize expression of Rep78 in 293 cells during Ad amplification we placed the corresponding gene under the control of a doxycycline (Dox)-inducible system (Figure 8a ). This system utilizes a tTR-KRAB (Krü ppel-associated box) repressor. Binding of DNA binding proteins fused to KRAB results in histone deacetylation and methylation, thus creating a local heterochromatin state and inactivation of promoters that are 2 --3 kb upstream or downstream of the binding site. 51 It has been shown that tTR-KRABmediated repression of cellular Pol II and Pol III promoters juxtaposed to the TetO can be reversibly controlled by Dox. 52 Here, we used this system to control Rep78 expression from the ubiquitin promoter (Ad.Rep78). We infected iPS cells (line FSHD43-1) with Ad.Rep78. Rep78 protein expression upon Dox induction was validated by western blot (Figure 8b ). To measure Rep78 binding to the AAVS1 site in the context of native chromatin, iPS cells were infected with Ad.Rep78, chromatin was isolated 2 days later and subjected to ChIP assay with Rep78-specific antibodies and primers specific for selected genomic sites. Ad.GFP-infected iPS cells served as controls. This study showed a significant higher Rep78 occupancy at the AAVS1 site in Ad.Rep78-transduced cells than in cells transduced with the control Ad.GFP vector (Figure 8c ). There was no significant difference in Rep78 occupancy signals for the GAPDH site. To assess Rep78-mediated rearrangements of the AAVS1 site, we performed Southern blot analysis of genomic DNA isolated from Ad-infected cells (at day 2 after infection) using an AAVS1-specific probe and a probe for a gene that is not targeted by Rep78 (HPRT1). In control virusinfected cells, a single band, reflecting the native AAVS1 site, was visible (Figure 8e ). Analysis of DNA from Ad.Rep-infected cells showed a 470% decrease in the intensity of the AAVS1-specific band while the HPRT1-specific band was unchanged. Rep78 cleaves within the AAVS1 site and triggers genomic rearrangements that involve deletions/translocations/replications varying in length in different cells. 21, 53 This implies that rearranged AAV1 sites do not appear as discrete bands in Southern blot of cell populations but rather as a smear of signals that cannot be quantified by phosphoimager analysis. Overall, these studies suggest that the AAVS1 site in iPS cells is readily accessible and amendable to Rep78-mediated genome modification.
Ad.ZFN-mediated genome modification in HSCs and iPS cells
The same Dox-inducible system was used to express CCR5-ZFNs (Figure 9a ). Expression of CCR5-ZFN was confirmed in transduction studies with CD34 þ cells (Figure 9b ). Functional activity of CCR5-ZFN expressed from Ad.ZFN was tested in HeLa-TZM-bl cells using a surveyor nuclease-based PCR assay 54 ( Figure 9c ). This assay reveals gene modification by the appearance of rearranged products, which can be quantified to yield the % gene modification. Two days after infection of HeLa-TZM-bl cells with Ad.ZFN at an MOI of 50 p.f.u. per cell, 2.4 and 12.1% of CCR5 alleles were found to be modified in the absence and presence of Dox, respectively (Figure 9c , left panel). CCR5 gene knockout is also reflected in flow cytometry analysis of surface CCR5 protein (Figure 9c, right panel) . The percentage of CCR5-positive cells was 16 ± 4% less in Ad.ZFN þ Dox than in mock-infected cells. The relative CCR5 expression level decreased 31±7% in HeLa-TZM-bl cells that expressed CCR5-ZFN (N ¼ 3). For functional studies, we first used CD34 þ cells isolated from peripheral blood cells of granulocyte colony stimulating factor mobilized donors. CD34 þ cells were infected with the CCR5-ZFN-expressing Ad5/35 vector in the presence of Dox under conditions that minimize CD34 þ proliferation and differentiation. 44 Two days later, genomic rearrangements within the CCR5 target site were analyzed by surveyor nuclease-based PCR. Regardless of the MOI used for infection, CCR5-ZFN rearrangements in CD34 þ cells was o1% (which is the lower detection limit of the surveyor nuclease-based PCR assay) (data not shown). Infection with an Ad5/35-GFP vector carrying the GFP gene instead of the ZFN gene at an MOI of 100 p.f.u. per cell resulted in transgene expression in 470% of cells (data not shown). Transduction of CD34 þ cells at higher MOI was associated with cytotoxicity. Because we found high occupancy of markers for inactive chromatin around the CCR5-ZFN cleavage site in CD34 þ cells (see Figure 5) , we therefore tested whether chromatin modifiers can increase CCR5-ZFN cleavage. We incubated CD34 þ cells with the histone --deacetylase (HDAC) inhibitors sodium butyrate (NaBu), valproic acid (VPA) and trichostatin A (TSA) and analyzed 24 h later the occupancy of H3K9/14Ac, a marker for open chromatin for the CCR5-ZFN site and for the ubiquitously expressed gene GAPDH (Figure 9d ). This study showed that VPA þ TSA (Figure 9d ) and TSA þ NaBu (not shown) significantly increased H3K9/14Ac occupancy of the CCR5-ZFN site in CD34 þ cells. Based on this, we included the chromatin modifiers in transduction studies with Ad.ZFN. Overnight preincubation of CD34 þ cells with VPA þ TSA, or TSA þ NaBu stimulated Ad.ZFN-mediated rearrangements of the CCR5-ZFN site, with 2.9, 4.9 and 4.6% CCR5 gene modification, respectively (Figure 9e ). However, treatment of CD34 þ cells with HDAC inhibitors at the indicated concentrations causes also significant cell deaths (o20% viability). Lower concentrations of the inhibitors did not result in detectable CCR5 gene modification upon Ad.ZFN infection. A similar study was performed with iPS cells. Infection with Ad.ZFN and analysis of genomic DNA 2 days later revealed 1.3 and 1.2% CCR5 gene modification at MOIs of 100 and 200 p.f.u. per cell, respectively, in Dox-induced cells (Figure 9f ). Ad.ZFN infection at higher MOIs was associated with severe cytotoxicity, most likely due to leaky expression of viral genes from first-generation vectors in transduced cells. 55 Similar cytotoxicity was seen when iPS cells were infected with Ad5/35.GFP at equal MOIs. No CCR5 gene rearrangement was detectable if transduced cells were incubated without Dox. Exposure of iPS cells to HDAC inhibitors resulted in 490% cell death. We also used a ChIP assay with antibodies specific to the FokI-endonuclease domain of the CCR5-ZFNs to measure ZFN binding to the CCR5-ZFN site (Figure 9g) . In this study, we did not find a significant difference in FokI signals in Ad.GFP-and Ad.ZFNinfected iPS cells. This indicates that ZFN binding is inefficient and most likely blocked by inactive chromatin.
DISCUSSION
The potential importance of chromatin structure for targeted transgene integration is illustrated by a study that showed that HIV integration frequency is associated with epigenetic modifications where strong positive associations were seen with markers of transcriptionally active chromatin, including H3K9/14Ac, H3 K4 monomethylation, dimethylation and trimethylation, and H4 acetylation, and integration was negatively associated with H3 K27 trimethylation, a histone mark known to be associated with heterochromatin. 29 Furthermore, a recent study emphasized the critical influence of chromatin accessibility on binding of DNA interacting proteins, specifically glucocorticoid receptors. 56 This study showed that the chromatin landscape of glucocorticoid receptor recognition sequences predetermines receptor binding and differential effects of corticosteroids on different cell types. We therefore speculated that chromatin will have a similar critical role on the binding/activity of DNA sequence-specific enzymes used for genome editing, for example, ZFNs and Rep78.
The AAVS1 and CCR5-ZFN sites were chosen because they fulfill the criteria of a 'safe harbor' for transgene integration. While the AAVS1 site is located in a ubiquitously expressed gene, the CCR5-ZFN site is within a gene whose expression is restricted to T cells, macrophages, dendritic cells and microglia. The transcriptional activity of any given gene, however, does not always predict its chromatin status. For instance, changes in the mRNA levels of the inducible egr-1 gene did not correlate with changes either in open chromatin marks, like dimethylated and trimethylated H3 lysine 4 (H3K4m2 and H3K4m3), or in closed chromatin marks, like histone H3 K27. 40 The egr-1 mRNA levels did, however, correlate with some open histone marks, for example, H3K9/14Ac, and Pol II presence. The chromatin status of the CCR5-ZFN and AAVS1 sites in iPS cells was therefore unknown. Pluripotent stem cells maintain a globally open chromatin state, possibly so that genes are readily available for activation during tissue specification. 25 ES cells, for instance, have low levels of dense, compacted chromatin (heterochromatin) and the ES cell genome is transcriptionally hyperactive, with widespread transcription in both coding and non-coding regions, including sporadic low-level expression of tissue-specific genes. 25 In addition, a recent study showed that the distribution of repressive marks, for example, H3K9m3, is significantly expanded in somatic cells relative to pluripotent stem cells. 57 Previous studies by Stadtfeld and Hochedlinger 58 showed that even minimal variables between clonal iPS cell lines can result in chromatin differences between lines. We therefore analyzed the chromatin structures in eight iPS cell lines as well as in CD34 þ and Mo7e cells. All the iPS cell lines stained positive for TRA-1-60 and SSEA-4, indicating that these cells remained fully reprogrammed in our feeder-free cultures with TeSR2 medium---a necessity as the chromatin from the feeders would interfere with the ChIP assays. Seven out of eight iPS cell lines had a normal karyotype. All lines contained two alleles of the CCR5 and AAVS1 sites. Matrix ChIP analysis of the ZFN cleavage site in the CCR5 gene and the surrounding regions were indicative of a predominantly inactive chromatin configuration in iPS cells and peripheral blood CD34 þ HSCs. 59, 60 This is supported by the relatively high occupancy of H3K9m3 and the relatively low occupancy of H3K9/14Ac and Pol II. Furthermore, we found that the CCR5 gene is transcriptionally inactive in all iPS cell lines. In contrast, the AAVS1 site was within a transcriptionally active region and possessed an active chromatin configuration in both iPS cells and HSCs. Characteristic for this was the relatively low occupancy of the H3K9m3 marker and high occupancy of the H3K14Ac marker and Pol II. In agreement with our studies in stem cells, Lombardo et al. 61 recently showed in untreated lymphoblastoid cells (cells that did not express CCR5) the presence of open histone marks around the AAVS1 site, whereas repressive histone marks were found around the CCR5-ZFN site. Lombardo's and our study indicate that the target site for ZFNs must be located in a transcriptionally active gene or region that is not associated with closed chromatin.
To demonstrate that the AAVS1 site is readily accessible to sitespecific endonucleases, we expressed Rep78 in iPS cells using firstgeneration Ad5/35 vectors and the ubiquitin promoter. Transgene expression was controlled by Dox to prevent interference of Rep78 and CCR5-ZFN with Ad replication/production in 293 cells. Ad transduction of iPS cell colonies was relatively inefficient due to undifferentiated iPS cells maintaining epithelial feature that created physical barriers for Ad vectors. The presence of epithelial features in iPS cells is not surprising as the reprogramming of somatic cells into iPS cells involves elements of a mesenchymal-toepithelial transition. 47 All Ad transduction studies in iPS cells were therefore performed on single cell cultures in the presence of an ROCK inhibitor that supports the survival of iPS cells in a single cell state. Another problem associated with Ad-mediated gene transfer into both iPS and CD34 þ cells is dose-dependent toxicity, which is most likely due to leaky expression of viral genes in cells transduced with first-generation Ad vectors. 55, 62 Although, we showed Rep78 binding to the AAVS1 site in the context of intact chromatin as well as efficient Rep78-mediated AAVS1 site modification at day 2 after Ad.Rep78 infection, we were unable to obtain colonies from transduced iPS cells due to Ad-mediated toxicity. This problem also precluded potential transgene integration analyses upon co-infection with a transgene-donor Ad vector. These studies require the use of Dox-controlled helper dependent Ad5/35 vectors, that is, vectors that are devoid of all viral genes, expressing Rep78 only for a short time period.
In contrast to Rep78-mediated AAVS1 site modification, CCR5-ZFN site modification by ZFNs was inefficient in HSCs and iPS cells. We excluded the possibility that this is primarily due to the lack of (i) Ad5/35 transduction, because a corresponding GFP vector allowed for transgene expression in 470% of iPS and CD34 þ cells, (ii) ZFN expression because ZFN was detected by immunofluorescence analyses or (iii) activity of ZFN, because the same vector resulted in efficient CCR5-ZFN site modification in HeLa-TZM-bl cells, that is, cells in which the CCR5 gene is actively expressed and in which the ZFN site is open with regards to chromatin structure. A number of reasons could account for inefficient CCR5-ZFN site modification (i) the ZFN expression level in CD34 þ cells was not high enough to trigger efficient cleavage, (ii) non-homologous end-joining repair mechanism/enzymes (required to repair the ZFN-mediated DNA double-strand break) are absent or not active in quiescent stem cells and/or (iii) the CCR5-ZFN site is not accessible to ZFN binding and/or cleavage. The latter speculation is supported by our ChIP studies, which revealed high occupancy of markers for inactive chromatin around the CCR5-ZFN cleavage site in CD34 þ and iPS cells and inefficient binding of CCR5-ZFN in the context of native chromatin (see Figures 5 and 9g) . We have tried to address the problem of chromatin accessibility of the CCR5-ZFN site in stem cells by using chromatin-modifying drugs, but found, however, that a significant amount of cytotoxicity is associated with this approach. HDAC inhibitors also act globally on the whole genome, which most likely affects the phenotype of stem cells. The use of chromatin modifiers is therefore not a viable approach to achieve CCR5 knockout by ZFNs in stem cells. Our conclusion that the CCR5-ZFN site is blocked by inactive chromatin in CD34 þ cells is in conflict with a recent study reporting CCR5 gene disruption in fetal liver-derived CD34 þ cells at a mean frequency of 17% after electroporation of cells with a plasmid expressing the ZFN under the control of the CMV promoter. 10 At this point, we are unable to reconcile this conflict. It is possible that fetal liver-derived CD34 þ cells are more amenable to gene transfer and genome modification. Overall, our study sheds light on chromatin-related problems of genome editing in stem cells and opens potential ways to address these problems.
MATERIALS AND METHODS Cells
DMEM (Dulbecco's modified Eagle's medium), IMDM (Iscove's modified Dulbecco's medium) and RPMI-1640 were purchased from Invitrogen. Fetal calf serum was bought from HyClone (Logan, UT, USA). The HeLa-TZM-bl (TZM) cell line was obtained from the National Institutes of Health acquired immunodeficiency syndrome Research and Reagent Program and was maintained in DMEM, supplemented with 10% fetal calf serum, 2 mM L-glutamine and 1 Â penicillin --streptomycin solution (Pen-Strep) (Invitrogen). Mo7e cells 63 were maintained in RPMI-1640 medium containing 10% fetal calf serum, 2 mM L-glutamine, Pen-Strep, and granulocyte-macrophage colony stimulating factor (0.1 ng ml À1 ) (Amgen, Thousand Oaks, CA, USA). Primary human CD34 þ -enriched cells were obtained from the Fred Hutchinson Cancer Research Center. CD34 þ cells were recovered from frozen stocks and incubated overnight in IMDM, supplemented with 20% fetal calf serum, 0.1 mM 2-mercaptoethanol, stem cell factor (50 ng ml À1 ), DNase I (100 mg ml ) and thrombopoietin (10 ng ml
À1
). All iPS cell lines were grown in TeSR2 on matrigel (BD Biosciences, San Jose, CA, USA) coated dishes and passaged as needed. The creation of the three iPS-MHF2 cell lines, the three iPS-OI12 cell lines, the iPS-M83-9 cell line and the two iPS-FSHD cell lines were described elsewhere. 32,34 --36 Immunofluorescence analyses Cells were grown with TeSR2 medium on coverslips coated with matrigel before being fixed with cold acetone to methanol (1:1 v/v) for 15 min at room temperature (RT). The cells were permeabilized for antibody staining with 0.1% Triton X-100, incubated for 5 min at RT and washed twice with phosphate-buffered saline (PBS). Blocking occurred with 2% non-fat dry milk for 20 min at RT. Samples were incubated with the primary antibody, either the mouse anti-human TRA-1-60 or the mouse anti-SSEA-4 (BD Pharmingen, San Diego, CA, USA) at a dilution of 1:50 for 1 h at RT before washing with PBS. Samples were incubated with their corresponding secondary Chromatin was isolated 48 h later and occupancy of selected sited by CCR5-ZFN was analyzed by ChIP assay using anti-Fok antibody. As before, the amplified ZFN region spans the ZFN binding region and the amplified GAPDH region spans the GAPDH promoter region.
mouse monoclonal anti-CAR (RmcB) (ATCC). Samples were washed again and counterstained with DAPI before being mounted on the slides with Vectastain mounting solution (Vector Labs, Burlingame, CA, USA).
Fluorescent in-situ hybridization
The FISH procedure utilized two probes: the Satellite probe for chromosome 3 (Cytocell Technology, Downers Grove, IL, USA) targeted at chromosome region 3p11.1-q11.1, and the AAVS1 FISH probe which was made with the Nick Translation Kit (Abbott Molecular Inc., Des Plaines, IL, USA) in combination with green dUTP (Abbott Molecular Inc.) according to manufacturer's specifications, using the plasmid DNA from a human BAC clone (RP11-463M24) containing the AAVS1 and surrounding sequences, as template. 24 Cells were cultured and were, upon reaching B70% confluence, incubated in the presence of 100 ng ml À1 colcemid (Invitrogen) for a period of 3 h before being harvested and washed twice with PBS. Cells were gently resuspended in 75 mM KCl and incubated for 15 min at 37 1C. Samples were centrifuged and the supernatant removed before resuspending the cells in ice-cold fixative (3:1 v:v methanol to glacial acetic acid). Samples were washed three times with the cold fixative before finally being stored at 4 1C at B5 Â 10 6 cells per ml of the fixative. Of this cell suspension, 10 ml was dropped from six inches high onto a clean microscope slide and air dried before the sample was dehydrated by 5 min incubation in an EtOH series (70, 90 and 100%) and air dried. In all, 2 ml of each probe diluted with 6 ml In-situ Hybridization Buffer (Enzo Life Science, Inc., Farmingdale, NY, USA) was added to each slide, covered with a coverslip and sealed. Samples were denatured at 75 1C for 2 min on a hotplate before being incubated in a humidity chamber at 37 1C overnight. Subsequent to incubation, the coverslip was removed and the slide washed with prewarmed 0.25 Â SSC at 72 1C for 2 min. Samples were washed with 2 Â SSC containing 0.05% Tween-20 (Fisher Scientific, Fair Lawn, NJ, USA) at RT for 30 s. Samples were air dried and counterstained with DAPI before being mounted on the slides with Vectastain mounting solution. Photographs were taken with a Leica DFC300FX digital camera using a Â 100 oil lens (Leica Microsystems GmbH, Wetzlar, Germany).
Chromatin immunoprecipitation
Approximately 5 Â 10 6 cells were washed with PBS before crosslinking by the addition of formaldehyde to a final concentration of 1.0% for 15 min at RT with gentle agitation before the addition of glycine to a final concentration of 125 mM and incubation for another 5 min. Samples were harvested and centrifuged at 1200 r.p.m. for 3 min, 4 1C and the supernatant removed. Cells were washed twice with PBS containing 1 mg ml À1 bovine serum albumin before being resuspended in immunoprecipitation buffer containing 150 mM NaCl, 50 mM Tris-HCl, pH 7.6, 5 mM EDTA, NP-40 (0.5% v/v), Triton X-100 (1.0% v/v), with the addition of Protease Inhibitor Cocktail III (Calbiochem, San Diego, CA, USA). Cells were sonicated using a Bioruptor (Diagenode, Denville, NJ, USA) for 30 min at 4 1C on the high setting. Samples were centrifuged for 10 min at 10 000 r.p.m. at 4 1C and the supernatant collected, aliquoted and frozen in liquid nitrogen.
ChIP was performed in 96-well plates as previously described. 39 The following antibodies were utilized in this procedure at 1 mg per well: rabbit polyclonal histone H3 antibody (H3) (Abcam, #ab1791), rabbit polyclonal histone H3 trimethyl K9 antibody (H3K9m3) (Abcam, #ab8898), mouse monoclonal histone H3 trimethyl K27 antibody (H3K27m3) (Abcam, #ab6002), rabbit polyclonal anti-acetyl-histone H3 (H3K9/14Ac) (Upstate/Millipore, Billerica, MA, USA, #06-599), mouse monoclonal to Pol II CTD (4H8) (Santa Cruz Biotechnology, Santa Cruz, CA, USA, #sc-47701), rabbit polyclonal anti-Rep78 (N208 antibody clone MSMC111) (provided by Dr Linden, Oxford University), 64 and a rabbit polyclonal anti-Rep78 provided by Dr Trempe (NIDDK). 65 
Surveyor nuclease assay
This assay is based on the 'Surveyor mutation detection kit' (Transgenomic, Omaha, NE, USA). This assay efficiently and specifically cleaves DNA duplexes at the sites of distortions created by either bulges or mismatches. The assay is sensitive enough to detect single-nucleotide changes induced by non-homologous end joining and has a detection limit of B1%. The detailed protocol is described elsewhere. 54 Real-time quantitative PCR Quantitative PCR (qPCR) was performed in triplicate with an ABI 7900 instrument (Applied Biosystems, Foster City, CA, USA) in 384-well plates. All the primers used for the qPCR of ChIP samples are listed in Figure 4 . In all, 2.7 ml of template DNA recovered from ChIP was supplemented with 200 nM primers, 2 Â Kappa MasterMix (Kappa Biosystems, Woburn, MA, USA) and 5 Â Enhancer to a total reaction volume of 6.2 ml. Specificity of the reaction was assessed by inspection of the denaturation curves obtained from the PCR instrument.
RNA isolation, reverse transcription and qPCR Extraction of mRNA from cells was performed according to the Qiagen RNAeasy kit protocol. RNA samples were frozen at À20 1C or processed directly for real-time qPCR. All primers used for qPCR are listed in Table 1 . qPCR was performed in an ABI 7900 instrument in 384-well plates in triplicates. In all, 2 ml template cDNA was supplemented 7.5 ml SYBR green 2 Â MasterMix (Quantace, Norwood, MA, USA), 200 nM primers, and water to a total reaction volume of 15 ml. Specificity of the reaction was assessed by inspection of dissociation curves obtained from the PCR instrument.
Karyotyping iPS cells were grown for four passages on matrigel before being karyotyped by the Department of Pathology, Cytogenetics and Genomics Division at the University of Washington (Seattle, WA, USA).
Ad vectors
All Ad vectors used in this study are deleted for E1 and E3 and contain Ad35 fibers. 44 Ad.CMV-GFP and Ad.Ub-GFP contain the CMV and ubiquitin promoter, respectively. The Dox-inducible vectors for Rep78 and CCR5-ZFN expression (Ad.Rep and Ad.ZFN) contained a fusion between the KRAB domain and the tetracycline repressor. In this system, tTR-KRAB-mediated repression of a heterologous promoter, juxtaposed to Tet operator sequences can be reversibly controlled by Dox. 52 The Ub promoter and the Rep78 gene were synthesized by DNA 2.0 (Menlo Park, CA, USA). The expression cassette was inserted into the BamHI/EcoRV site of pHVAd2. 66 The CCR5-ZFN genes were obtained by PCR from pVax-8267-ELD/2A/ 8196z-KKR. 14 The expression cassettes were inserted into the BamHI/EcoRV site of pHVAd2. 66 Ad.GFP contains the GFP gene instead of the Rep78 or ZFN genes. Ad5/35 virus vectors were generated and tested as described elsewhere. 44 Transduction of iPS cells iPS cell line FSHD43-1 was divided with accutase (StemCell Technologies) and seeded as single cells on matrigel-coated dishes in TeSR2 medium containing 10 mM of an inhibitor of Rho-associated protein kinase, Y-27632 dihydrochloride (Tocris Bioscience, Ellisville, MO, USA), for a period of 24 h. Subsequent to this, cells were counted and infected with an Ad vector at the appropriate MOI and incubated for a further period of 48 h before analyses.
Treatment with HDAC inhibitors CD34 þ cells were incubated for a period of 48 h with HDAC inhibitors; either 1 mM sodium butyrate (NaBu) (Sigma-Aldrich, St Louis, MO, USA), or 2 mM valproic acid sodium salt (VPA) (Sigma-Aldrich) with 80 nM trichostatin A (Sigma-Aldrich), before fixing for ChIP assay.
Western blot
Cultured cells were washed twice with ice-cold PBS and then lysed on ice for 30 min in protein lysis buffer (20 mM Hepes (pH 7.5), 2 mM EDTA, 10% glycine, 1% Triton X-100, 150 mM NaCl (all from Sigma-Aldrich), and protease inhibitors (Complete Protease Inhibitor Cocktail; Roche, Pleasanton, CA, USA)). Samples were pelleted (10 min, 4 1C, 15 000 r.p.m.), and the protein containing supernatant stored at À80 1C. A total of 15 mg of total protein was used for the western blot procedure. Protein samples were boiled (5 min at 95 1C) and separated by polyacrylamide gel electrophoresis using 4 --15% gradient gels (Bio-Rad, Richmond, CA, USA), followed by transfer onto nitrocellulose
